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Fidelity in transmission of genetic characters is ensured by the faithful duplication of the genome, followed by 
equal segregation of the genetic material in the progeny. Thus, alternation of DNA duplication (S-phase) and 
chromosome segregation during the M-phase are hallmarks of most well studied eukaryotes. Several rounds of 
genome reduplication before chromosome segregation upsets this cycle and leads to polyploidy. Polyploidy is 
often witnessed in cells prior to differentiation, in embryonic cells or in diseases such as cancer. Studies on the 
protozoan parasite, Entamoeba histolytica suggest that in its proliferative phase, this organism may accumulate 
polyploid cells. It has also been shown that although this organism contains sequence homologs of genes which 
are known to control the cell cycle of most eukaryotes, these genes may be structurally altered and their equiv-
lent function yet to be demonstrated in amoeba. The available information suggests th  surveillance mecha-
nisms or ‘checkpoints’ which are known to regulate the eukaryotic cell cycle may be absent or altered in  
E. histolytica. 
[Banerjee S, Das S and Lohia A 2002 Eukaryotic checkpoints are absent in the cell division cycle of Entam eba histolytica; J . Biosci. 
(Suppl. 3) 27 567–572] 
 
1. Introduction 
The decision for a cell to divide is a tightly regulated 
process that integrates signals from different sources. 
These signals arise mainly from the extracellular envi-
ronment or intracellular checkpoint controls. Environ-
mental signals help the cell to determine when the 
nutrients are available and when there are no overriding 
reasons to arrest cell division. Signals from internal 
checkpoints ensure completion of the preceeding steps 
before the next stage of division takes place (Hartwell 
and Weinart 1989). All these signals are integrated and 
processed by proteins involved in cell cycle control. In 
most eukaryotes, the entire genome must be faithfully 
duplicated before the cell can divide. Reduplication of 
the genome is prevented until cell division is completed. 
This control ensures that each daughter cell receives an 
identical copy of its genetic material. An exception to 
this rule is observed in cancer cells which occasionally 
become polyploid as a result of failure to restrain the S-
phase, despite the failure to undergo complete mitosis 
(Pathak et al 1994). 
 Most of the information about the regulation of cell 
division in eukaryotes has been obtained from genetic 
and biochemical studies on the yeasts Saccharomyces 
cerevisiae and Schizosaccharomyces pombe (Forsburg 
and Nurse 1991). It was shown that the proteins control-
ling the cell division cycle of these yeasts were well con-
s rved in other eukaryotes (Nurse 1990) and the check-
points controlling the cell cycle of yeast are similar in  
the eukaryotic kingdom. Based on this notion, several 
groups have compared the cell cycle of different eukaryo-
tes o identify unique/similar sequences in homologs  
of cell cycle proteins and aberrations in the molecular 
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regulation of cell cycle control, particularly in relation to 
disease. 
 Interesting case studies are pathogenic eukaryotes, 
which infect the human host. Analysis of the cells cycle 
of these organisms may offer novel targets and thereby, an 
important method of controlling disease. Pathogenic prot-
zoan parsites, like Plasmodium, Leishmania, Giardia and 
Entamoeba re complex eukaryotes, which lead a par-
sitic existence. In doing so, they often use host proteins 
to their advantage, harbour prokaryotic genes (acquired 
as a result of lateral transfer) and also show loss of  
‘typical’ eukaryotic characteristics, particularly as seen in 
Entamoeba (Clark et al 2000). 
 Do these cells then conform to the known parameters 
of the typical eukaryotic cell cycle? What are the check-
points controlling the cell division of these organisms?  
Is the cell division cycle of these organisms driven by 
different extracellular signals? Are the intracellular effec-
tor proteins homologus to those in other eukaryotes? It is 
difficult to answer many of these questions since proto-
zoan parasites would have to be studied in vivo within a 
complex vertebrate host to identify the different host sig-
nals and the parasite’s response. It is quite likely that 
different genes would be activated if these organisms 
were to parasitise a vertebrate host, than if they were  
cultured under axenic conditions. Nonetheless, in vitro 
studies of axenically cultured Entameoba trophozoites, 
have demonstrated several unique features which suggest 
that the regulation of cell division in this parasite is  
intrinsically different from that observed in other single 
celled eukaryotes. Thus, these protozoa may proliferate 
by hitherto unidentified rules either in isolation or within 
their host environment. 
 
2. Lack of genetic methods to study the cell  
cycle of E. histolytica 
E. histolytica is axenically cultured – without any associ-
ated organisms – in a complex broth (Diamond et al 
1978) in the laboratory. It is extremely difficult to use 
routine microbiological methods (such as obtaining si-
gle colonies) and virtually impossible to use genetic 
methods imilar to those used in the study of yeasts to 
study E. histolytica. Thus understanding the progression 
of the cell division cycle in this organism has largely  
relied on the use of multi-parameter flow cytometry. 
Orthologues of eukaryotic cell cycle proteins have been 
cloned and characterized from this organism using  
degenerate oligonucleotide primers to conserved domains 
in the eukaryotic proteins, amplifying DNA fragments by 
polymerase chain reaction (PCR), cloning and sequenc-
ing these products to characterize these genes. Functional 
complementation of mutants to identify genes regulating 
he progression of the cell cycle in E. histolytica was not 
possible since classical genetical and microbiological 
methods could not be used here. 
 Another problem in the study of cell division of Enta-
moeba has been the difficulty in obtaining synchronous 
cultures with a high mitotic index. Several methods have 
been used as an attempt to synchronize Entamo ba culture, 
such as hydroxyurea and removal of serum deprivation 
from the growth medium. 
3. Identification of cell cycle phases  
of E. histolytica 
Using fluorescent DNA dyes such as Propidium iodide 
on fixed E. histolytica trophozoites, Dvorak et al (1995), 
have analysed the different cell cycle phases of E. histo-
lytica by flow cytometry. They have used mathematical 
modelling to display the G1, S, G2 phases of the Enta-
moeba cell cycle as a series of overlapping Gaussian 
curves, unlike other eukaryotes where discrete phases of 
the cell cycle can be identified (Dvorak et al 1995). Con-
sistent with this, results from another laboratory demons-
trated a unimodal DNA distribution ranging from 1n to 
10n genome contents, in an asynchronous cell population 
(Gangopadhyay et al 1997a). 
 The two discrete fluorescent peaks for G1 and G2 cells 
commonly observed in the yeasts and other eukaryotes 
show that most of the cells in an asynchronous popula-
tion contain either 1n or 2n genome contents, with an 
intermediate population in S-phase which contains >1n 
and < 2n genome contents. But results obtained with  
E. histolytica trophozoites suggested that asynchronously 
growing cells may contain greater than 2n genome con-
tents in a typical axenic culture. Thus, defined G1, S and 
G2 phases within 1n–2  genome contents could not be 
identified in these cells. 
4. Growth arrest and cell synchronization 
A couple of studies have shown that E. his olytica cells 
could be partially synchronized using hydroxyurea (Austin 
and Warren 1983) or 2% serum (Orozco et al 1988). Anti- 
mito ic drugs such as colchicine had no effect n E. his-
tolytica even at concentrations greater than 200 mg/ml 
(Orozco et al 1988), suggesting changes in tubulin bind-
ing sites or impermeability to colchicine. However, com-
plete removal of serum from the growth medium for  
10–12 h led to growth arrest and inhibition of DNA syn-
thesis (Gangopadhyay et al 1997a). Remarkably, the 
DNA content profile of serum starved cells suggested 
that inhibition of DNA synthesis arrests cells in which-
ever cell cycle phase they may be in. Thus, these cells are 
incapable of completing the cell division cycle if the 
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nutrients and growth factors provided by serum are  
removed from the culture medium. It was observed that 
re-addition of serum was required for re-ent y of cells in 
the cell cycle (Gangopadhyay et l 1997a). Interestingly, 
there was a lag phase after re-addition of serum, during 
which all the cells with genome contents > 1n–2n up to 
10n, possibly underwent cell division or completed their 
cycle and accumulated as an euploid population before
DNA synthesis was initiated again (Gangopadhyay et al 
1997a). 
 Thus, E. histolytica trophozoites appeared to accumu-
late greater than 2n genome contents in axenic culture, 
but serum starvation and re-a dition could effectively 
synchronize these cells in the G1 phase prior to initiation 
of the S-phase. S-phase cells in this population were 
identified by adding the thymine analogue, 5¢-bromo-2 
deoxyuridine (BrdU) to mid-log phase cells (Gangopa-
dhyay et al 1997a). BrdU incorporating cells or DNA 
synthesizing cells were identified by flow cytometry  
using fluorescin isothyacyanate (FITC) tagged anti-BrdU 
antibody. It was noted that the genome content of BrdU 
incorporating cells ranged from > 1n to 10n (Gango-
padhyay et al 1997a). This further underscored the earlier 
observation and suggested that DNA reduplication could 
occur during one cell cycle of E. histolytica without cells 
having to undergo division. 
 
5. Cultures show progressive deregulation of DNA 
synthesis and cell division in E. histolytica  
with time 
Axenic cultures of Entamoeba re made up of a hetero-
genous population of cells with varying DNA contents. 
Two independent studies reported that polyploid cells are 
more prevalent in late log phase cultures (Vohra et al 
1998; Gangopadhyay et al 1997a) whereas freshly sub-
cultured cells are mostly euploid (Das and Lohia 2002). 
In a typical eukaryotic cell, DNA synthesis stops after 
one genome duplication and mitosis occurs (Stillman 
1996). In contrast, Entamoeba cells show (i) DNA syn-
thesis beyond 2n genome content, and (ii) progressive 
accumulation of polyploid cells in culture with an increase 
in time. This progressive deregulation of DNA synthesis 
from cell division may result partly from depletion of 
growth factors in the culture medium with time (Vohra  
et al 1998; Gangopadhyay et al 1997a). It is also possible 
that the amoeba cell cycle is programmed to produce 
multiple copies of the genome before cell division irrespec-
tive of external factors (Das and Lohia 2002). 
 To minimize the effect of depletion of growth factors 
from the culture media, cells were sub-cultured every 
24 h in a fresh medium. When the DNA synthesis profile 
of these cells were studied by monitoring BrdU incor-
poration using flowcytometry, it was seen that the DNA 
content of the cells increased to almost 10n genome con-
t nt in 90 min, suggesting genome reduplication within 
one cell division cycle. Furthermore, as the S-phas  of 
Entamoeba lasts for 5–6 h (Gangopadhyay et al 1997a; 
Vohra et al 1998), it appears that genome reduplication 
occurs within the S-phase. Thus, unlike other eukaryotes, 
genome reduplication without cell division may be an 
inherent property of the E. istolytica cells. 
 
6. Genome reduplication without nuclear  
division occurs in E. histolytica 
The continued synthesis of DNA without alternation with 
cell division in E. histolytica may be loosely classified as 
endoreduplication. Unlike other eukaryotes in which  
mitosis is inhibited when they switch to endoreduplica-
tion before differentiation (Grafi 1998), E. histolytica 
trophozoites continue to proliferate as they undergo  
reduplication. Furthermore, the occurrence of multi-
nucleated cells suggests that more than one nuclear divi-
sion may occur before cell division. Experimental results 
obtained from quantitation of DNA content in each  
nucleus in uni-nucleated and multi-nucleated trophozoites 
showed that the DNA content of each nucleus varied from 
1n to 10n on an average (Das and Lohia 2002). Spora-
dically, nuclei with greater than 10n genome contents 
could also be detected. Similar results were also observed 
with trophozoites of the reptilian parasite Entamoeba 
invadens [S Das and A Lohia, unpublished observations]. 
 Although data from E. histolytica cysts is not avail-
able, by using cysts from axenically cultured E. inva ens, 
Das and Lohia (unpublished observations) showed that 
each nucleus of a quadri-nucleate cyst contained equal 
amounts of DNA, which was approximately 25% of the 
DNA amount seen in trophozoites with 1n genome con-
tent. A case in point here is the lack of conclusive evi-
denc  for meiotic division during encystation of Enta-
moeba trophozoites. Whether the Entamoeba undergoes 
meiosis, homologus recombination and all other pro-
cesses commensurate with sexual reproduction has long 
been debated. Indeed, old texts refer to ‘amitosis’ as the 
method of cell division in the Entamoeba. However,  
homology cloning and DNA sequencing have identified a 
large number of orthologues of eukaryotic genes which 
are known to control the mitotic cycle. It is possible that 
similar orthologues of key genes involved in meiosis may 
also be discovered once the genome sequencing of  
E. histolytica is complete. 
 The cell division cycle of the reptilian parasite E.  
invadens, is largely similar to that of E. histolytica  
(Ganguly and Lohia 2001). Interestingly, BrdU incorpo-
ration studies demonstrated that 4n genome contents 
were synthesized before encystations occurred in this 
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parasite. Additionally, it was shown that the concentra-
tion of free intracellular calcium ions changed remarka-
bly during encystations (Ganguly and Lohia 2001). Thus 
analysis of the role of second messengers will be impor-
tant in understanding the progression of the amoeba cell 
cycle as well. 
7. Cell cycle genes of E. histolytica 
One of the most important cell division regulators is 
p34cdc2, a 34 kDa Ser/Thr kinase, which is the product of 
the cdc2 gene of Schizosaccharomyces pombe and of the 
cdc28 gene of S. cerevisiae (Hindley and Phear 1984; 
Lorincz and Reed 1984). The p34cdc2 is activated at the 
‘start’, the beginning of S-phase, and at mitosis and 
meiosis when replicated chromosomes are segregated 
into the daughter cells (M-phase). The p34cdc2 binds  
cyclins, proteins which vary in concentration during the 
cell cycle and which contain conserved sequences called 
the ‘cyclin box’ to form an active complex. The activity 
of p34cdc2–cyclin complex is regulated by the phosphory-
lation of Ser, Thr, and Tyr residues of p34cdc2 (Ducom-
mun et al 1991). Activation of mitotic cyclin- dc2 kinase 
complex (Stern and Nurse 1996) is normally required for 
entry into mitosis. Inhibition of this mitotic CDK activity 
has been shown to cause cells to undergo multiple rounds 
of DNA replication (Stillman 1996). Cyclin E has been 
reported to play a role in regulating the initiation of S-
phase in both mitotic and endocycles (Sauer et al 1995). 
The Eh cdc2 gene was one of the first Entamoeba cell 
cycle genes to be cloned and characterized (Lohia and 
Samuelson 1993). It was also one of the first genes to be 
demonstrated to contain an intron. Prior to this discovery, 
it was largely believed that amoeba genes did not contain 
introns. Interestingly, the position of the intron was evolu-
tionarily conserved with the first intron in he S. pombe 
cdc2 gene (Lohia and Samuelson 1993). The Eh cdc2 
gene was seen to be different from other cdc2 homologs 
in the PSTAIRE motif and later identified to be similar to 
cdk4 (unpublished observations). Unfortunately, homo-
logs for cyclins have not been identified yet. Although 
the amino acid sequence of the Eh cdc2 gene is similar to 
other homolgs of the same gene, its role in regulating the 
amoeba cell cycle is not yet clear. 
7.1 MCM proteins in Entamoeba 
Several factors essential for the regulation of initiation of 
DNA replication have been identified in eukaryotic cells. 
These are hexameric origin recognition complex (ORC), 
CDC6, CDC28 and six minichromosome maintenance 
proteins (Mcm2-7) from S. cerevisiae and their hom-
logues from other eukaryotes. Mcm proteins are known 
to act as licensing factors in regulating initiation of DNA 
replication (Tye 1999), and their presence in E. histo-
lytica (Gangopadhyay et al 1997b; Das and Lohia 2000) 
suggests that they may be involved in the regulation of 
DNA replication. Paradoxically, several rounds of DNA 
reduplication occur in Entamoeba, suggesting that these 
MCM homologs are either inactive or their function may 
be altered in E. histolytica. 
 
7.2 Tubulin proteins of Entamoeba 
In all eukaryotic cells studied so far the microtubule 
skeleton is required for mitosis and cytoplasmic orga-
nization. In higher eukaryotes the onset of mitosis is 
marked by the condensation of the chromosomes and 
formation of spindle fibers from the two poles of the 
cells, which gradully grow and extend throughout the 
cell. As mitosis progresses, the condensed chromosomes 
align themselves on the spindle fibers along the equator 
of the cell, prior to segregation into the daughter cells. 
These microtubules are made up of a- and b-tubulin sub-
units fused along their length. They nucleate from two 
bodies on either pole of a dividing cell, the microtubule 
organizing centre (MTOC). One of the key proteins in the 
MTOC is g-tubulin, which is actually involved in micro-
tubule nucleation in higher eukaryotes (Joshi 1994). 
 Homologs of a-, b-, and g-tubulin have been identfi d 
in Entamoeba (Sanchez et al 1994; Katiyar and Edlind 
1996; Ray et al 1997). Though the homologues for a- 
and b-tubulin genes have been identified in Entamoeba, 
microtubular spindle structure has not yet been seen. 
Electron microscopic analysis of cryofixed and cryosub-
stituted trophozoites of E. histolytica failed to demons-
trate microtubules in both the cytoplasm and the nuclei of 
non-dividing amoeba (Clark et al 2000). It has been sug-
gested that the differences in the amino acid sequences of 
a- and b-tubulin in amoeba – compared to other eukaryotic 
tubulins – is responsible for their inefficient polymeriza-
tion and this is possibly the reason why no observable 
spindle structure is seen in these organisms (Katiyar and 
Edlind 1996). In the light of this information, the method 
of chromosome segregation in Entamoeba remains an 
elusive and intriguing question. 
 Immunofluorescent confocal microscopy shows Eh g- 
tubulin to be localized as multiple extra-nuclear bodies. 
Expression of g-tubulin was measured in the different 
phases of the cell cycle by flow cytometry. It was seen 
that the G1 cells showed a lower level of g-tubulin ex-
pression whereas maximal expression was obtained in the 
S/G2 phase of the cell ycle (Ray et al 1997). The in-
crease in the g-tubulin content prior to the onset of mito-
sis indicates an increase in the number of MTOC in the 
cell thereby implying that a centrosome duplication cycle 
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exists in Entamoeba just as in higher eukaryotes where 
the centrosome division cycle precedes the nuclear divi-
sion. However, the presence of centrosomes and MTOCs 
is arguable in the absence of visible microtubular struc-
ture. However, the three tubulin components involved in 
microtubule polymerization and centrosomal formation 
are expressed in amoeba. It remains to be demonstrated 
unequivocally whether they polymerize to form a micro-
tubular spindle nucleated by the MTOC.
 Anti-microtubule drugs as colchicines, usually used to 
study cell division in higher eukaryotes, do not have any 
marked effect on these cells (Orozco et al 1988). A recent 
study has shown that the antimicrotubule drug oryzalin 
inhibits the growth of Entamoeba invadens a  well as E. 
histolytica, the former being more resistant to the drug 
than the latter, and that effective doses of oryzalin are 
higher for Entamoeba than for the other parasitic proto-
zoa examined thus far. Pretreatment of trophozoites with 
oryzalin prevents encystation of trophozoites without the 
drug. Accumulation of trophozoites in the mitotic phase 
was observed after culture with oryzalin (Makioka et al 
2000). This is of considerable significance in the study  
of the cell cycle in amoeba bc use oryzalin is a potent 
mitotic-phase inhibitor and may become a useful tool for 
studies on the relationship between the cell cycle and 
encystation of this parasite. 
 
8. Cytokinesis in Entamoeba 
One of the most important aspects of the cell division 
cycle is cytokinesis – the final process, which physically 
separates the two daughter cells with equal DNA content 
from each other. During cytokinesis, a contractile ring 
forms at the equator of the dividing cell. This ring is a 
contractile bundle of actin filaments that is similar to a 
stress fibre. In response to specific signals, different pro-
teins are recruited which modulate changes in the actin 
cytoskeleton to bring about this cellular process. In Enta-
moeba, homologues of actin (Edman et l 1987), myosin 
(Arhets et al 1992), profilin (Binder et al 1995), p21  
rho (Lohia and Samuelson 1993), ras and rap (Shen et al 
1994), p21 rac (Lohia and Samuelson 1996) and Diaph-
nous (Ganguly and Lohia 2000) genes have been identi-
fied and fully characterized. Overexpression of a mutant 
RacG-V12 not only deregulated cell polarity but also 
caused a defect in cytokinesis (Guillen et al 1998). The 
Eh Diaphanous gene product has also been shown to be 
colocalized with polymerized actin at the site of cell divi-
sion (Ganguly and Lohia 2000). While scanty informa-
tion is available on the molecular factors and mechanisms 
which regulate cytokinesis, an interesting report showed 
helper cells or ‘midwives’ assisting trophozoites to divide 
(Biron et al 2001). It was suggested that extr cellular 
factors secreted by ‘midwives’ were required for the final 
separation of two daughter cells. 
9. Conclusion 
It may be seen the primitive protozoan Entamoeba is 
unique as far as its cell division cycle is concerned. The 
organism lacks the surveillance mechanisms which in 
higher eukaryotes function as checkpoints and regulate 
cell division. As a result, Entamoeba cells reduplicate 
their genome several times before cell division occurs. 
Several homologues of eukaryotic genes that are invol-
ved in the regulation of the cell division cycle have been 
identified and cloned. From the little that has been studied, 
it is apparent that the story of cell division in this parasite 
may well be very different from that of other eukaryotes. 
While there is hope for discovering a novel drug target, 
the real fun will be in understanding how the wily parasite 
proliferates inspite of the complex surveillance system of 
the vertebrate host, often using this very system to its 
advantage. 
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